The magnetic proximity effect is a fundamental feature of heterostructures composed of layers of topological insulators and magnetic materials since it underlies many potential applications in devices with novel quantum functionality. Within density functional theory we study magnetic proximity effect at the 3D topological insulator/magnetic insulator (TI/MI) interface in Bi 2 Se 3 /MnSe(111) system as an example. We demonstrate that a gapped ordinary bound state which spectrum depends on the interface potential arises in the immediate region of the interface.
1
To efficiently realize the potential of three dimensional (3D) topological insulators (TIs) in spin electronic and magnetic storage applications, it is advisable to integrate the TI layers into hybrid heterostructures containing the layers of ferromagnetic (FM) or antiferromagnetic (AFM) materials [1, 2] . One has to tune these heterostructures in such a way that the spectrum of the 3D TI surface electron states should be easily accessible to an exchange field influence of FM (AFM) layer without significant spin dependent scattering of these states on magnetic ions. At the same time, the spin dependent transport of carriers in 3D TI should be controllable. These demands are not easily feasible because of a number of obstacles. On the one hand, a serious problem is to find the FM or AFM material which forms a high-quality interface with the TI material and at the same time provides a strong magnetic interaction with it. On the other hand, the physics of the exchange coupling at the TI/FM (AFM) boundary is not yet well understood. In principle, there exist different possibilities to provide an exchange field influence from a magnetic material on the surface electron states of a 3D TI.
One way is to use the effect of the surface magnetic order in 3D TIs with chemisorbed magnetic impurities. While the local magnetic moments of impurities are arranged inside a thin layer with the thickness of the order of their diffusion length into TI and form magnetically ordered overlayer, the region of spin polarization of carriers near the 3D TI surface may be significantly larger due to magnetic proximity effect. This type of order can be realized by deposition of magnetic ions of 3d-metals (Mn, Fe, Cr, Co) on Bi 2 Te 3 , Bi 2 Se 3 or Sb 2 Te 3 [3] [4] [5] [6] . When the surface concentration of ions is relatively high an indirect exchange coupling among their local magnetic moments mediated by the surface states of 3D TI can arise [7] . As a result the system becomes unstable with respect to FM order with a spontaneous magnetization along the normal axis, which is accompanied by opening a gap in a spectrum of the Dirac surface states [7] [8] [9] [10] [11] . However, if the energy of exchange coupling is smaller than the reciprocal lifetime of the TI surface state due to impurity disorder scattering, both the FM ordering and the energy gap should be suppressed.
Another way to induce magnetic order on the surface of 3D TI's is coating with an external FM or AFM overlayer. This has been done in Ref. [12] [14] .
In the present paper, we study the physics of magnetic proximity effect at the TI/MI interface within first-principles DFT calculations for the Bi 2 Se 3 /MnSe(111) system as an example. We show that two types of interfacial bound states (referred as the topological and interfacial ordinary state, respectively) appear at the TI side of the interface. These states have different physical origins, spatial distributions and energy spectra. Namely, the topological state stems from a breaking of the Z 2 invariant of TI at the boundary with MI.
This state is located relatively distant from the interface plane; its spectrum is gapped and lies inside the bulk energy gap of TI. In contrast, the interfacial ordinary state results from the crystal symmetry breaking at the TI/MI interface. This state is located nearby the interface and is strongly spin polarized, its spectrum is gapped and lies far below the bulk energy gap of TI due to the band bending at the TI side of the interface.
For structural optimization and electronic bands calculations we use the Vienna Ab Initio Simulation Package [15, 16] with generalized gradient approximation (GGA) [17] to the exchange correlation potential. The interaction between the ion cores and valence electrons was described by the projector augmented-wave method [18, 19] . The Hamiltonian contains scalar relativistic corrections, and the spin-orbit interaction (SOI) is taken into account by the second variation method [20] . To describe correctly the highly correlated Mn-d electrons we include the correlation effects within the GGA+U method as developed in Ref. [21] .
To simulate the Bi 2 Se 3 /MnSe(111) heterostructure, the in-plane lattice constant of the MnSe is fixed to that of Bi 2 Se 3 . The most stable structure of bulk MnSe is a cubic NaCl-type (Fig. 1(a) For this reason in the following we will focus on the fcc-type Bi 2 Se 3 /MnSe(111) interface.
As far as the charge transfer and charge redistribution is the common feature for any interface we have estimated this effect by implementing the Bader charge analysis [25] . In (Fig. 1(c) ). Owing to the strong modification of the 1-st QL potential the localized states of the interfacial QL split off from the conduction band and spread across the gap (Fig. 2) . Additionally, two types of the states arise at -0.6 --0.8 eV in the local bulk energy gap: the gapped (56 meV) interfacial state and degenerate at theΓ point two spin-split states, localized in the second QL, which are split off from the gap edges. The latter states are similar to those which reside near the bottom of the local valence band gap in the TIs of Bi 2 Se 3 family (they were studied in detail in Sb 2 Te 3 [26] ) but here they appear at higher energy owing to that the lower part of this gap is filled by the MnSe bulk states. The former, interfacial state, is similar to the state with a gap of ∼ 54 meV found in Ref. [14] , which was assumed as a gapped Dirac cone. Next interesting feature in the spectrum is that the topological Dirac state, being localized in the outermost QL on the free Bi 2 Se 3 surface, survives in the formation of the interface relocating to the second QL. The small thickness of the Bi 2 Se 3 slab (4QLs) in Ref. [14] did not allow to catch A magnified view of the Dirac state is shown in Fig. 3(a) . As one can see, the cone is gapped at theΓ point. Fig. 3(b) shows that the topological state tends to leave the layers with induced magnetization. Thus the gap of 8.5 meV in the Dirac cone is provided by an overlap of the topological and spin-polarized interfacial states within the first QL (Fig. 3(b) ).
The induced magnetization at the interface is limited to three layers of Bi 2 Se 3 . The magnetic moment on the second layer Bi is 0.04 µ B while it is smaller on Se atoms (≤ 0.01 µ B ).
To elucidate the obtained results we develop an analytical model for the magnetic proximity effect in the TI/MI heterostructure, which is based on a recently proposed method to describe the formation of the bound in-gap electron states at the interface between 3D TI and a normal insulator [27] . Our model differs from an approach routinely used in the study of the TI/MI interface [13] when the existence of the exchange term in the phenomenological Hamiltonian of the 2D Dirac-like states is simply postulated.
We write the full electron energy of the TI/MI heterocontact in the following form:
In the TI half-space (z > 0), the four bands k · p Hamiltonian H t , proposed in Ref. [28] for the narrow-gap semiconductors of the Bi 2 Se 3 family, describes the low energy and long wavelength bulk electron states near the Γ point of the Brillouin zone. In the MI half-space Following the variational procedure [27] , one can show that the energy functional (1)- (2) has two distinct bound states: ordinary and topological states with the exponentially decaying asymptotics far from the interface: Φ(z → −∞) = 0 and Θ(z → ∞) = 0. One of them, the interfacial ordinary state, is localized near the interface and exponentially decays into the TI half-space with a scale length z o . The charge redistribution near the interface causes significant shift of the ordinary state spectrum relative to the TI bulk energy spectrum [27] . As seen from the Boltzmann fit for ∆V TI in Fig. 1(c) , in the Bi 2 Se 3 /MnSe system, the band bending on the TI side of the interface is ∼0.8 eV so that interfacial ordinary state is sunk into the region of the bulk valence band. Furthermore, due to the hybridization (2) with the orbitals of the MI outermost layer that exhibits the out-of-plane magnetization M, the interfacial ordinary state becomes spin polarized.
Another state at the interface, the topological state, is not directly influenced by the 
